online | memorias.ioc.fiocruz.br Mem Inst Oswaldo Cruz, Rio de Janeiro, Vol. 106(1): 23-31, February 2011 Leishmania is an obligate intracellular protozoan that infects humans worldwide. The clinical presentation is varied, with individuals presenting with tegumentary cutaneous (CL) or mucocutaneous leishmaniasis (MCL) disease or visceral leishmaniasis (VL). Species such as Leishmania chagasi and Leishmania donovani are implicated in VL, whereas Leishmania major, Leishmania tropica and Leishmania amazonensis are associated with CL and L. braziliensis with CL and MCL. There are reports, however, of the isolation of Leishmania infantum and L. donovani from cutaneous lesions (Gramiccia et al. 1987 , Pratlong et al. 1995 , as well as L. major from patients with VL and L. tropica from those with diffuse cutaneous leishmaniasis (DCL) (Schnur et al. 1985 , Magill et al. 1993 . Moreover, L. amazonensis has been isolated from patients with the entire spectrum of leishmaniasis, including localized and DCL lesions, mucosal and VL (Barral et al. 1991) . Little information is available about parasitic factors influencing the outcome of infection. The activities of ecto-ATPase, ecto-ADPase and 5'-nucleotidase enzymes involved in the hydrolysis of extracellular nucleotides have been thought to play a role in parasite survival and proliferation (MeyerFernandes et al. 1997 , Berrêdo-Pinho et al. 2001 . Furthermore, arginase is an enzyme expressed by parasites and is required for production of ornithine, which generates polyamines (Camargo et al. 1978) . It is possible that intrinsic parasitic virulence factors contribute to differences in the course of Leishmania infection.
A few reports have shown that different species of Leishmania induce distinct responses in mice of the same genetic background (Alexander & Blackwell 1986 , Afonso & Scott 1993 , Lemos de Souza et al. 2000 . Interestingly, L. amazonensis isolated from patients with CL, MCL or VL with the same zymodeme and serodeme can induce distinct inflammatory responses in BALB/c mice (Almeida et al. 1996) . This study compares the immune and inflammatory responses of CBA mice to infection with these three strains of L. amazonensis. Additionally, ecto-ATPase, ectoADPase, 5'-nucleotidase and arginase activities were compared among the different L. amazonensis isolates.
MATERIALS AND METHODS
Mice -Inbred CBA male mice, 8-10 weeks of age, were obtained and maintained at the Animal Facility of the Gonçalo Moniz Research Center of the Oswaldo Cruz Foundation, Salvador, state of Bahia, Brazil. Animals were housed under specific-pathogen-free conditions and provided a commercial rodent diet and water ad libitum. Experiments were performed in accordance with the Guide for the Care and Use of Laboratory Animals (NRC 1996) 
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Parasites -The following three strains of L. amazonensis typed by serodeme and zymodeme analyses (Barral et al. 1991) were used: strain MHOM/BH/87/Ba-125 was isolated from a patient with CL, strain MHOM/BR/87/ Ba-109 was isolated from a patient with VL (Almeida et al. 1996) and strain MHOM/BR/89/Ba-276 was isolated from a patient with DCL. Parasites were maintained by periodic passages in BALB/c mice and grown in Schneider's insect medium supplemented with 10% foetal bovine serum (FBS) (CULTILAB, Campinas, SP, Brazil) at 25ºC.
Inoculation and determination of infection progression -Infection with each L. amazonensis isolate was accomplished by injecting 5 x 10 6 stationary phase promastigotes in 25 µL of saline subcutaneously into the footpad of each CBA mouse. Footpad thickness was measured weekly and the lesion size was expressed in millimetres as the difference between the infected footpad and the non-infected contralateral footpad (Lemos de Souza et al. 2000) . Parasite burden was estimated using a limiting dilution assay (Lima et al. 1997 ) and viable parasite numbers were determined using the ELIDA program (Titus et al. 1985) . Parasite dissemination was determined by examination for the presence of Leishmania at the fourth, seventh and 10th week of infection in the spleen, liver and bone marrow. Tissue fragments were harvested and cultured from infected mice in NovyMacNeal-Nicolle and Schneider's medium supplemented with 10% FBS until 45 days of incubation at 25ºC.
Morphological study -Three mice from each group were sacrificed at the first, fourth, seventh and 10th week of infection. Infected footpads were harvested and fixed in formalin, as previously described (Lemos de Souza et al. 2000) . Sections stained with hematoxylin and eosin were examined to compare the intensity and composition of the cellular inflammatory infiltrate, the presence and extension of necrosis and cutaneous ulceration.
Parasites were identified at the site of the infection by immunostaining with a rabbit polyclonal antibody against Leishmania, as previously described (Lemos de Souza et al. 2000) . The average size of the parasitophorous vacuoles induced by the Ba125, Ba276 and Ba109 strains was evaluated by using the Image-Pro Plus 6.0 software, an automatic device for morphometric analysis. Samples obtained from three mice from each experimental group were used. The area (µm 2 ) of at least 450 parasitophorous vacuoles was measured in 10 microphotographs (1000X magnification) taken from histological sections immunostained with antibodies against Leishmania and counterstained with hematoxylin.
Cytokine assays and nitric oxide (NO) production -Draining lymph nodes from infected mice were harvested at the first, fourth, seventh and 10th week after infection and pooled into single cell suspensions, as previously described (Lemos de Souza et al. 2000) . After 24 and 72 h of stimulation, culture supernatants were harvested and used to determine IFN-γ, IL-4, IL-10 and IL-12 levels by enzyme linked immunosorbent assay (ELISA) (Lemos de Souza et al. 2000) . Cells were washed and resuspended at 3 × 10 6 cells/mL in culture medium consisting of Dulbecco's modified Eagle's medium supplemented with 0.5% FBS, 2 mM L-glutamine, 100 U/100 μg/mL of penicillin/streptomycin, 25 mM HEPES, 3.7 g/L sodium bicarbonate (Sigma, St. Louis, MO), 25.4 mM sodium pyruvate (GIBCO, Grand Island, NY), 1.6 mM L-arginine hydrochloride (Sigma) and 5 × 10 -5 M β-2-mercaptoethanol (GIBCO). To assay for cytokine production, 3 × 10 6 cells/mL were plated on 24-well tissue culture plates (Costar 3524, Cambridge, MA). L. major or L. amazonensis at 3 × 10 5 promastigotes/ mL were added to each well; control cultures contained either no parasites or 10 μg/mL of concanavalin A (positive control). After 24 and 72 h of stimulation, culture supernatants were assayed for IL-4, IL-10, IL-12, and IFN-γ levels by ELISA. NO production was assayed by the Griess reaction (Ding et al. 1988 ).
Determination of arginase activity -Arginase activity was measured in parasite extracts as previously described with minor modifications (Corraliza et al. 1994) . Briefly, stationary phase promastigotes were lysed with 0.1% Triton X-100 containing protease inhibitors. After heating, arginine hydrolysis was estimated in parasite extracts by determining urea concentration in the presence of L-arginine. One unit of enzyme activity is defined by the amount of enzyme that catalyses the formation of 1 µmol of urea per min.
Determination of ecto-nucleoside triphosphate diphosphohydrolase and 5'nucleotidase activities and nucleotide and adenosine concentrations -Determination of ecto-nucleoside triphosphate diphosphohydrolase and 5'-nucleotidase activities was performed as previously described (Berrêdo-Pinho et al. 2001) . Analysis of nucleotide and adenosine concentrations was performed as previously described (Pinheiro et al. 2006) .
Statistical analyses -To compare lesion size and arginase activity, analysis of variance, followed by a Newman-Keuls post-test, was employed. Comparisons of cytokine and NO production, parasitophorous vacuole size and parasite burden were carried out using a Kruskal-Wallis test. Parasite dissemination was analyzed by the Chi-square test. Experiments to determine nucleotide concentrations and ecto-nucleoside triphosphate diphosphohydrolase and 5'-nucleotidase activities were analyzed using the Student t test. P values ≤ 0.05 were considered significant. Fig. 1A , Ba125, Ba276 and Ba109 L. amazonensis strains induced progressive lesions in CBA mice, although the kinetics of lesion evolution differed among the groups. Lesions induced by Ba125 and Ba276 strains reached a maximal size and ulcerated at the seventh week of infection. On the other hand, lesions induced by Ba109 were more insidious, only reaching the maximal size exhibited by Ba125 and Ba276-induced lesions at the 17th week after infection. Parasite load induced by the three L. amazonensis strains enhanced progressively (Fig. 1B) . Ba109-induced lesions had a lower parasite load at the fourth week of infection; however, parasite burden was higher in both Ba125 and Ba276-induced lesions (p > 0.05). At the seventh week of infection, the parasite loads in lesions caused by Ba125 and Ba276 were two logs higher than those caused by the Ba109 strain, although no statistical differences among the infected mouse groups (p > 0.05) were found at the seventh or 11th week of infection.
RESULTS

Progression of L. amazonensis infection -As shown in
Parasite dissemination -Parasite dissemination to the spleen in mice infected with either Ba125 or Ba276 was detected at the fourth week after infection (Table I) . Bone marrow dissemination was detected at the seventh week after infection in Ba125-infected mice and at the 11th week after infection in Ba276-infected mice. At the 11th week after infection, dissemination to the liver was detected in both mouse groups. In contrast, in the Ba109-infected mice, parasite dissemination was detected later, at the 11th week in the spleen and at the 16th week of infection in the liver (data not shown). Statistical analysis revealed that parasite dissemination was significantly different between Ba109-infected mice and those infected with Ba125 or Ba276 (Chi-square test, p < 0.05).
Cytokine and NO production -At the first week after infection, similar levels of IL-4 were detected in the supernatants of lymph node cultures from Ba125 (882.4 pg/mL), Ba276 (424.6 pg/mL) and Ba109 (633.2 pg/mL) infected mice (p > 0.05). At the fourth, seventh and 10th weeks of infection, IL-4 levels decreased to 300 pg/ mL or below and remained similar among the different groups of infected mice (p > 0.05) ( Fig. 2A) . IFN-γ was produced at low levels throughout the infection without statistical differences between the groups. At the first week of infection, Ba125 induced the production of 17.3 ng/mL; Ba276 induced 5.5 ng/mL and Ba109 induced 5.2 ng/mL (p < 0.05) (Fig. 2B) . The three groups also released similar levels of IL-10 (p > 0.05) (Fig. 2C) and IL-12 (data not shown).
The amount of NO varied between cultures of lymph node cells from the different groups of mice (data not shown). There were observed differences of NO production among the experimental groups, but they were not statistically significant (p > 0.05).
Histopathological studies -Differences in the composition of the inflammatory infiltrate (Fig. 3A-C) and in the sizes of parasitophorous vacuoles within macrophages ( Fig. 3D-G) were observed in Ba125, Ba276 and Ba109-induced lesions in CBA mice. At the first week after infection, the inflammatory infiltrate in Ba125 and Ba276-induced lesions was moderate and composed of macrophages, neutrophils and a few lymphocytes. At the 5th week of infection, the inflammatory infiltrate in Ba125 (Fig. 3A) and Ba276-induced lesions (Fig. 3B ) was made up almost exclusively of heavily parasitized macrophages. At the 10th week after infection, Ba125 or Ba276-infected mice displayed ulcerated lesions with extensive areas of necrosis. In Ba109-infected mice, the inflammatory infiltrate increased from mild to moderate. At all time points, the inflammatory infiltrate in Ba109-induced lesions was mixed and composed of macrophages, neutrophils and a few lymphocytes (Fig. 3C ). Granulomas were not found at any time point in lesions of mice infected with different strains of Leishmania. Ulceration was not observed and necrosis was mild or absent.
In the first week after infection, few parasites were detected within the small and tight parasitophorous vacuoles in macrophages of all infected mouse groups, except in some macrophages of Ba125-infected mice, which displayed large and densely parasitized parasitophorous vacuoles (data not shown). After the fifth week of infection, most of the Ba125-induced vacuoles were large and highly parasitized (Fig. 3D) . In contrast, 6 stationary phase promastigotes of each strain (Ba125, Ba276 and Ba109). A: lesion size expressed in millimeters presented as the mean difference ± standard deviation between infected and uninfected hind footpads for 10 mice. Asterisks mean statistically significant differences between the groups Ba125/Ba276 x Ba109 (one-way ANOVA, **: p < 0.001; *: p < 0.05). The results shown are representative of four experiments; B: the parasite burden in footpad lesions was assessed using a limiting dilution assay. Each bar represents the mean value ± standard error of three mice obtained in one out of three different experiments (Kruskal-Wallis, p > 0.05).
Ba276-induced vacuoles were highly parasitized, varying from small to large in size (Fig. 3E) . Ba109-induced vacuoles were small at all times during infection (Fig.  3F ) and contained a large number of parasites only at the 10th week of infection (data not shown). These differences were quantified at the fifth week after infection (Fig. 3G ) (Kruskal Wallis, p < 0.0001), revealing a significantly higher area for Ba125-induced vacuoles, 60.26 ± 5.76 µm 2 , compared to Ba276 and Ba109-induced vacuoles that measured 11.92 ± 1.08 µm 2 and 7.31 ± 0.59 µm 2 , respectively.
Ecto-nucleoside triphosphate diphosphohydrolase and arginase activities -The capacity of the different L. amazonensis strains to hydrolyse ATP, ADP and AMP was compared with the nucleotide hydrolysis capacity of L. major. The results presented in Table II show that although ATP was the best substrate for all strains of L. amazonensis and for L. major, differences in ecto-ATPase activity were observed. Ba109 displayed an ectoATPase capacity two times higher than that observed for Ba276 and three times higher than that observed for Ba125 and L. major (p < 0.05). Ba276 also presented higher levels of ecto-ADPase and 5'-nucleotidase activity than Ba109 and Ba125 (p < 0.05). The differences in these enzyme activities were even higher when compared to L. major (p < 0.05).
When the nucleotides sequentially generated from ATP degradation (Fig. 4A-D) by the surface-localized ecto-enzymes in promastigotes of different strains of L. amazonensis were analyzed and compared with those of L. major, the Ba276 strain was found to be most efficient in generating adenosine from ATP after 120 min, with a performance of 80%, followed by Ba109 (40%), Ba125 Mg 2+ -dependent ecto-ATPase 30.1 ± 5.6 96.6 ± 0.6 31.9 ± 3.2 47.1 ± 12.0 Ecto-ADPase 1.6 ± 0.5 15.8 ± 0.5 7.5 ± 0.6 28.0 ± 2.4 Ecto-5'nucleotidase 2.2 ± 0.6 8.2 ± 0.2 6.2 ± 1.0 16.6 ± 2.3 a: intact promastigotes were incubated for 1 h at 25ºC in the same reaction medium as described in Materials and Methods. Enzymatic activity is expressed as nmol Pi x h -1 x 10 -7 cells. Data represent the mean ± standard error of the three determinations with different cell suspensions.
(20%) and L. major (10%). As shown in Fig. 4E , the Ba125 and Ba276 strains demonstrated higher arginase activity than Ba109 (p < 0.001). The arginase activity of the Ba109 strain was similar to that observed for L. major (p > 0.05).
DISCUSSION
In the present study, different strains of L. amazonensis isolated from patients with different clinical forms of leishmaniasis were used to infect inbred CBA mice. This approach avoids differences in the host genetic background and opens the possibility of investigating parasitic factors that can influence the outcome of infection (Alexander & Blackwell 1986 , Afonso & Scott 1993 , Lemos de Souza et al. 2000 .
We verified that CBA mice are susceptible to infection with L. amazonensis isolates, which cause CL, DCL and VL. Additionally, CBA mice displayed uncontrolled progressive lesions with parasite dissemination to internal organs. On the other hand, BALB/c mice are susceptible to L. amazonensis isolated from patients with cutaneous disease and are resistant to L. amazonensis isolated from a patient with VL (Almeida et al. 1996) . Evaluation of the immune response in CBA mice infected with different isolates of L. amazonensis revealed high production of IL-4 and IL-10 at the first week after infection, without significant production of IFN-γ by mice infected with any of the L. amazonensis isolates. This finding is in accord with the concept that the susceptibility of CBA mice to L. amazonensis is associated with early production of IL-4 in the absence of significant IFN-γ production (Reiner et al. 1994 , Afonso & Scott 1993 , Lemos de Souza et al. 2000 . Despite a similar immune response induced by all isolates of L. amazonensis in CBA mice, differences were observed in the evolution of the lesions, the inflammatory response, the number of parasites at the site of infection and the time of dissemination of parasites to internal organs in mice infected with Leishmania isolated from visceral disease (Ba109) compared with those infected with parasites isolated from cutaneous disease (Ba125 and Ba276). These data indicate that factors others than the cytokines evaluated herein may account for the divergences observed in the course of infection of CBA with different isolates of L. amazonensis tested in the present study.
It is well accepted that the genetic background of the host determines the outcome of infection in leishmaniasis. On the other hand, some strains of mice are resistant to some Leishmania species but susceptible to others (Alexander & Blackwell 1986 ). This indicates that factors related to the species of Leishmania also determine disease evolution. Our results reinforce the idea that in the evaluation of Leishmania infection, it is important to consider the binomial host x parasite, even when different isolates of the same Leishmania species are used to infect mice.
Cutaneous lesions in mice infected with the Ba109 strain exhibited a more insidious course of infection and were smaller than those induced by Ba125 or Ba276 isolates. The parasite load was lower in mice infected with Ba109 until the seventh week after infection. At the 11th week after infection, however, the parasite load reached similar levels among the different experimental groups, although the lesions were smaller in mice infected with parasites from VL. Some studies have demonstrated a correlation between lesion size and parasite load, but others have not confirmed this correlation (Titus et al. 1985) . Titus et al. (1985) sug- (IL-4) , B (IFN-γ) and C (IL-10) was determined at one, four, seven and 10 weeks after infection by in vitro stimulation of popliteal lymph node cells after 72 h of stimulation with live promastigotes from the Ba125 (mucocutaneous leishmaniasis), Ba276 (diffuse cutaneous leishmaniasis) and Ba109 (visceral leishmaniasis) strains, as described in Materials and Methods. Lymph node cells from three groups of mice produced high levels of IFN-γ, IL-4 and IL-10 upon stimulation with concanavalin A. Culture supernatants of non-stimulated cells were below the detection limit of the assay. Each bar represents the mean value ± standard error of five mice from three different experiments (Kruskal-Wallis, p > 0.05). gested that differences in lesion size associated with a similar parasite load could be due to differences in the intensity of the inflammatory response. In our study, differences were observed in the intensity and nature of the inflammatory infiltrate in mice infected with L. amazonensis from cutaneous or visceral disease.
Distinct patterns of the inflammatory response have been related to susceptibility or resistance in humans and in experimental murine leishmaniasis (Ridley & Ridley 1983 , Andrade et al. 1984 , Barral-Netto et al. 1987 , Almeida et al. 1996 . In susceptible hosts, a monomorphic inflammatory infiltrate of heavily parasitized macrophages is observed in the dermis. In resistant subjects, a mixed infiltrate is observed that is composed mainly of lymphocytes, plasma cells and a few parasitized macrophages. In these cases, granulomas and foci of fibrinoid necrosis have been described. The distinct patterns of the inflammatory response are considered morphological surrogates of the Th1 and Th2 types of immune response (Lemos de Souza et al. 2000) . In the present study, histological evaluation of the inflammatory response at the site of parasite delivery revealed differences in mice infected with Ba109 compared with those infected with Ba125 or Ba276. Mice infected with Ba109 exhibited an inflammatory infiltrate rich in parasitized macrophages mixed with lymphocytes and plasma cells, whereas mice infected with Ba125 and Ba276 displayed a monomorphic inflammatory infiltrate of heavily parasitized macrophages. These distinct patterns correlated with differences in the course of infection. Mice with a mixed inflammatory infiltrate had smaller lesions, a more insidious course of infection and later dissemination to internal organs. However, as previously indicated, all mice had a typical Th2 type response and succumbed to infection. These observations indicate that a mixed type of cellular inflammatory infiltrate is not necessarily associated with a favourable outcome in leishmaniasis. Previously, we (Almeida et al. 1996) showed that BALB/c mice resistant to Ba109 have granulomas associated with a mixed type of inflammatory infiltrate at the site of infection.
Granulomas have also been associated with resistance in other models of experimental infection with Leishmania (Barral-Netto et al. 1987) , as well as with other pathogens (Co et al. 2004 , Hanna et al. 2005 . Studies with experimental models of tuberculosis suggest that the ability to form granulomas is important to the containment of mycobacterial infection (Co et al. 2004 ). In our study, granulomas were not found in CBA mice infected with Ba109, although the lesions in these mice were composed of a mixed inflammatory infiltrate. CBA mice infected with Ba109 had smaller lesions compared to those caused by Ba125 and Ba276 strains, but they were unable to control the infection. Taken together, these data suggest that granulomas are important markers of a protective response and containment of parasites in leishmaniasis. ) parasites of Ba125, Ba276, Ba109 and L. major was determined as described in Materials and Methods. Each bar represents the mean value ± standard error of eight different experiments (one-way ANOVA; ***: p < 0.001).
Differences were also observed in the sizes of the parasitophorous vacuoles within macrophages among Ba-125, Ba276 and Ba109-infected CBA mice. At the first week after infection, few parasites were seen within small and tight parasitophorous vacuoles in mice infected with Ba109 or Ba276. At this time point, Ba125 induced large parasitophorous vacuoles that were densely parasitized. Subsequently, Ba276-induced vacuoles were small and large, containing a large number of parasites. On the other hand, Ba109-induced vacuoles were small with high numbers of parasites until the end of the experiment. The ability of L. amazonensis to cause large parasitophorous vacuoles with selected fusion capacity is well known (Veras et al. 1992) . These huge vacuoles have phagolysosomal features with a pH lower than that of lysosomes. The mechanisms involved in the formation of such huge vacuoles are poorly understood. It has been suggested that a proteophosphoglycan secreted by amastigotes is responsible for the size increase of parasitophorous vacuoles (Ilg et al. 1995) . More recently, Wilson et al. (2008) showed that the upregulation of a gene called LYST/Beige, previously shown to regulate lysosome size, is related to the modulation of L. amazonensis parasitophorous vacuole size. In infected cells, LYST/Beige may function as a host innate response to limit parasite growth by reducing the parasitophorous vacuole volume and the intracellular survival of Leishmania (Wilson et al. 2008 ). In our model, the differences in parasitophorous vacuole sizes observed in lesions caused by the L. amazonensis isolates could be related to differences in the regulation of LYST/Beige expression by the host cell.
Determinants other than the immune response are probably involved in the pattern of the inflammatory response and evolution of leishmaniasis. In fact, L. amazonensis isolates differed in their arginase and ecto-enzyme activities, including ecto-ATPase, ecto-ADPase and 5'-nucleotidase. Since these enzymes are thought to play a role in parasite survival and proliferation (Camargo et al. 1978 , Meyer-Fernandes et al. 1997 , Berrêdo-Pinho et al. 2001 , it is possible that the differences in their expression among the isolates of L. amazonensis are related to differences observed in the inflammatory response and in the course of infection in CBA mice. Parasitized cells may release ATP into the extracellular space. This nucleotide is known to activate ligand-gated ion channel P2X 7 purinergic receptors, contributing to the inflammatory response and inducing the secretion of pro-inflammatory cytokines and the migration of inflammatory cells (Mizumoto et al. 2002 , la Sala et al. 2003 . Ba109 promastigotes displayed higher ecto-ATPase activity than those from Ba276 and Ba125. It is possible that a greater ability to degrade ATP contributed to the differences observed in the composition and intensity of the inflammatory infiltrate. On the other hand, the high arginase activity seen in isolates of Ba125 and Ba276 could explain, at least in part, the more aggressive course of the infections caused by these two isolates. A fine balance between parasite factors related to virulence and the immune-inflammatory response is likely important in the determination of localized or systemic disease.
In summary, the finding that all tested L. amazonensis strains induced a typical Th2 immune response suggests that factors other than the immune response are involved in the inflammatory pattern and evolution of leishmaniasis. Thus, factors intrinsic to the parasite may influence the expression of different chemokines and attract different cells to the site of infection. These factors necessitate further investigation and must be taken into account in the development of treatment strategies for leishmaniasis.
